Wild-type measles virus (MV) isolated in B95a cells could be adapted to Vero cells 2 after several blind passages. In this study, we have determined the complete 3 nucleotide sequences of the genomes of wild-type (T11wild) and its Vero cell-adapted 4 (T11Ve-23) MV strain and identified amino acid substitutions, R516G, E271K, D439E 5 and G464W (D439E/G464W), N481Y/H495R and Y187H/L204F, in the nucleocapsid, 6
Introduction 1
Measles virus (MV), which belongs to the genus Morbillivirus in the family 2 Paramyxoviridae, is an enveloped virus with a non-segmented negative-strand RNA 3 genome. The MV genome encodes six structural proteins: the nucleocapsid (N), 4 phosphoprotein (P), matrix (M), fusion (F), hemagglutinin (H), and large (L) proteins. 5
The P gene also encodes two other accessory proteins, the C and V proteins. The C 6 protein is translated from an alternative translational initiation site leading a different 7 reading frame, and the V protein is synthesized from an edited mRNA. MV has two 8 envelope glycoproteins, the F and H proteins. The former is responsible for envelope 9 fusion, and the latter is responsible for receptor binding (12) . 10
Wild-type MV strains isolated in B95a cells and laboratory-adapted MV strains have 11 distinct phenotypes (18) . Wild-type MV strains can grow in B95a cells but not in Vero 12 cells, while laboratory-adapted MV strains can grow in both B95a and Vero cells. The viral RNAs of the T11wild and T11Ve-23 strains were extracted from B95a cells 7 infected with the T11wild or T11Ve-23 strains using an RNeasy kit (QIAGEN, Hilden, 8 Germany). Overlapping cDNA fragments spanning the entire length of the genome 9
were synthesized by reverse transcription-PCR (RT-PCR) using an RT/Platinum Taq Kit 10 (Invitrogen, Carlsbad, CA) according to the instruction of the manufacturer. The 5' 11 termini of negative-and positive-sense genomes were reverse transcribed and amplified 12 using a 5' Full RACE Core Set (TaKaRa, Kyoto, Japan). Nucleotide sequences of 13 cDNA fragments were determined using ABI Prism 3100 Avant Genetic Analyzer 14 (Applied Biosystems, Carlsbad, CA) and MV-specific primers. 15
16

Construction of expression plasmids and DNA transfection 17
Amino acid substitutions (in the H protein, N481Y and H495R; in the F protein: 18 D439E and G464W) were introduced either independently or in combination into the H 19
or F gene open reading frames by site directed mutagenesis using complementary 20 primer pairs and the p(+)MV323 plasmid encoding the antigenomic full-length cDNA 21 of the IC-B strain of MV (49) as a template, and the amplified H and F genes were 22 Vero cells transfected with the H protein expression plasmids were overlaid with 1 0.5% AGM-RBC. After incubation for 1 h at 37˚C, the monolayers were gently 2 washed three times with DMEM and once with phosphate-buffered saline to remove 3 nonadsorbed AGM-RBC. Then adsorbed AGM-RBC were lysed with H 2 O, and 4 released hemoglobin was measured at 540 nm using a spectrophotometer. 5 6
Flow cytometry 7
Vero cell suspensions transfected with the H or F gene expression plasmids were 8 incubated with the anti-H monoclonal antibody B5 or the anti-F monoclonal antibody 9 C527 (40), respectively, and fluorescein isothiocyanate-conjugated anti-mouse 10 immunoglobulin G (IgG); cell suspensions were fixed with 3.7% paraformaldehyde and 11 analyzed by a FACSCalibur instrument (Becton Dickinson, San Jose, CA). 12
13
Measurement of infection efficiency 14
Vero cells in 12-well cluster plates were infected with approximately 100 times the 15 50% tissue culture infective dose (TCID 50 ), which was measured on B95a cells, of each 16 EGFP-expressing MV strain, incubated at 37˚C in a 5% CO 2 atmosphere for 1 h, 17 washed with DMEM two times, and overlaid with 0.8% agarose-containing medium. 18 After 1 to 2 days post infection (p.i.), the number of EGFP-expressing syncytia or cells 19 expected to be derived from single EGFP-expressing MV particle was counted under a 20 fluorescence microscope. 21
22
Penetration assay 1
Penetration rate of the recombinant viruses was measured as described previously 2 (57) with some modification. Briefly, Vero or B95a cell monolayers in 12-well cluster 3 plates were inoculated with 100 μl of medium containing approximately 100 4 fluorescence-forming units per well of each virus and incubated at 37˚C for indicated 5 times in Fig. 9 . Viruses that had not penetrated into the cells were then inactivated by 6 treatment with 1 ml per well of citric buffer (40 mM citric acid [pH 3.0], 10 mM KCl, 7 135 mM NaCl) at room temperature for 1 min. After two washes with DMEM, the 8 cells were overlaid with 0.8% agarose-containing medium and incubated at 37˚C for 48 9 h, and the number of syncytia or cells expected from single EGFP-expressing MV 10 particle was counted under a fluorescence microscope. Experiments without acid 11 treatment were set to 100%. 12 13
Nucleotide sequence accession numbers 14
The complete nucleotide sequences of the genomes of the T11wild and T11Ve-23 15 strains were deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases 16 under accession numbers AB481087 and AB481088, respectively. 17
18
Results
19
Nucleotide sequences of the genomes of the T11wild and T11Ve-23 strains 20
We identified a total of 10 nucleotide differences between the genomes of the 21
T11wild and T11Ve-23 strains (Table 1) . Among these, eight nucleotide substitutions 22 resulted in amino acid substitutions: R516G, E271K, D439E and G464W 1 (D439E/G464W), N481Y/H495R and Y187H/L204F, in the N, V, F, H and L proteins, 2 respectively. Two nucleotide substitutions did not cause amino acid substitutions. 3
When the nucleotide sequence of the T11wild strain was compared with that of the IC-B 4 strain (53), a total of 41 nucleotide differences were identified. Among these, nine 5 nucleotide differences resulted in 12 amino acid differences (three nucleotide 6 differences in the P protein open reading frame resulted in six amino acid differences in 7 the P and overlapping C and V proteins). The T11wild strain is closely related to the 8 IC-B strain and belongs to the genotype D3. 9
10
Effect of amino acid substitutions in the wild-type H protein on cell-cell fusion in 11
Vero cells 12
We first examined amino acid substitutions found in the H protein in a comparison of 13 There is an amino acid difference (E235G) in the H protein of the T11wild strain 20 relative to that of the IC-B strain. The same amino acid difference (E235G) is also 21 found in the H protein of the Edmonston relative to the IC-B strain. However, this 22 amino acid difference, which exists in the β1-sheet in the H protein, has no effect on protein did not induce cell-cell fusion (Fig.1) . In contrast, the F(G464W) protein in 19 combination with the wild-type H protein induced moderate cell-cell fusion ( Fig. 1) , 20
suggesting that the F(G464W) protein can induce cell-cell fusion even if the binding 21 between the H protein and unidentified receptor on Vero cells is weak. The 22 F(D439E/G464W) protein in combination with the wild-type H protein induced 1 moderate cell-cell fusion, which was slightly greater than that of F(G464W) protein (Fig.  2 1), indicating that the D439E substitution has little effect on cell-cell fusion. 3
Importantly, when the F(D439E/G464W) protein was expressed along with the 4 H(N481Y/H495R) protein, huge and rapid cell-cell fusion was induced, and almost all 5 cells were detached from dishes at 48 h post transfection (Fig. 1 ). These results 6
indicate that the F protein with the amino acid substitution G464W is highly fusogenic 7 and enhances the cell-cell fusion mediated by the F and H proteins. The F(G464W) 8 protein alone did not induce cell-cell fusion in Vero cells (data not shown). 9 10
Cell-cell fusion in B95a cells and the effect of fusion inhibitor 11
A cell-cell fusion assay was also performed in B95a (SLAM+ CD46-) cells. In 12
B95a cells, all combinations of the H and F proteins induced large amounts of cell-cell 13 fusion, but the H(H495R) protein promoted somewhat weaker cell-cell fusion (Fig. 2) . 14 These results suggest that the introduction of the H495R and/or N481Y substitution in 15 the H protein does not severely compromise its ability to use SLAM as a receptor. cell-cell fusion induced by the F and F(D439E) proteins but not the F(G464W) and 21 F(D439E/G464W) proteins (Fig. 2) .
These results indicate that the G464W 22 substitution in the F protein confers resistance to FIP on the F protein. When the H proteins were expressed in Vero cells, the wild-type H, H(N481Y), and 6 H(H495R) proteins did not show any detectable HAd activity in this experimental 7 condition (Fig. 3 ). In contrast, the H(N481Y/H495R) and Edmonston strain H 8 proteins showed marked HAd activity (Fig. 3) . These results indicate that the 9 wild-type H protein with two amino acid substitutions (N481Y/H495R) has strong 10 CD46-binding activity that is almost equivalent to that of the Edmonston strain H 11 protein. The H(N481Y) protein promoted moderate cell-cell fusion with the wild-type 12 F protein but did not show HAd activity. These results suggest that the H(N481Y) 13 protein is similar to some paramyxovirus attachment protein mutants (5) that lack 14 receptor binding activity but still promote cell-cell fusion. 15
16
Cell surface expression of the H and F proteins 17
To verify that mutant H and F proteins were properly expressed on the cell surface, 18 flow cytometric analysis was performed. 19
When Vero cells were transfected with plasmids expressing the wild-type H or 20 H(N481Y/H495R), both proteins were expressed on the cell surface of Vero cells (Fig.  21   4) . The H(N481Y/H495R) protein was more strongly stained by the antibody against 22 the H protein (Fig. 4) . These results may reflect higher synthesis rate or higher 1 stability of the H(N481Y/H495R) protein in Vero cells than the wild-type H protein. When Vero cells were transfected with plasmids expressing the F or 3 F(D439E/G464W) proteins, both proteins were expressed on the cell surface of Vero 4 cells (Fig. 5 ). The cell surface expression level of the F protein was slightly higher 5 than that of the F(D439E/G464W) protein in Vero cells (Fig. 5) . 6
These results indicate that the H(N481Y/H495R) and F(D439E/G464W) proteins 7
were properly expressed on the cell surface of Vero cells although expression levels 8
were somewhat different from those of wild-type proteins. 9 10
Syncytium formation of recombinant MV strains in Vero and B95a cells 11
To characterize the contribution of the H(N481Y/H495R) and F(D439E/G464W) 12 proteins in the context of MV replication, the EGFP-expressing recombinant MV strains 13 with the H(N481Y/H495R) and/or F(D439E/G464W) proteins were generated using a 14 reverse genetics system of the IC-B strain (49). MV-wild corresponds to the IC323 15 strain expressing EGFP and has the original H and F proteins (14). MV-mH, MV-mF, 16
MV-mF/mH viruses have H(N481Y/H495R), F(D439E/G464W), and both 17 F(D439E/G464W) and H(N481Y/H495R) proteins, respectively. We first examined (Fig. 6) . Thus, the H(N481Y/H495R) protein is primarily 22 required for syncytium formation by wild-type MV in Vero cells, and the 1 F(D439E/G464W) protein strongly enhances syncytium formation. In B95a cells, all 2 recombinant MV strains induced large syncytium (Fig. 6) . 3 4
Growth of recombinant MV strains in Vero and B95a cells 5
We then examined the growth kinetics of recombinant MV strains in Vero and B95a 6 cells. In Vero cells, MV-wild and MV-mF hardly grew under this experimental 7 condition, and MV-mH grew slowly (Fig. 7) . In contrast, MV-mF/mH grew very 8 rapidly inducing extensive syncytia. The growth of MV-mF/mH declined after 48 h 9 p.i., because MV-mF/mH induced extensive syncytia, and infected cells were detached 10 from dishes. These results indicate that the H(N481Y/H495R) protein is primarily 11 required for growth in Vero cells and that the F(D439E/G464W) protein strongly 12 enhances the virus growth in Vero cells. In B95a cells, all recombinant MV strains 13 grew well but to different extents (Fig. 7) . MV-wild and MV-mF/mH grew efficiently, 14 while MV-mF and MV-mH grew somewhat slowly. The growth of MV-mF/mH 15 declined after 48 h p.i., because of extensive syncytium formation and subsequent cell 16
death. 17 18
Infection efficiency of recombinant MV in Vero cells 19
We next examined infection efficiency of recombinant MV strains in Vero cells. 20
Since FIP did not block the second round of infection of MV-mF and MV-mF/mH, 21 agarose-containing medium was overlaid after infection, and then the number of 22 EGFP-expressing syncytia or cells expected to be derived from single EGFP-expressing 1 MV particle was counted (Fig. 8) .
Penetration rate of recombinant MV strains in Vero and B95a cells 8
To further characterize the effect of the F(D439E/G464W) protein on MV infection, 9
we determined the penetration rate of recombinant MV strains in Vero cells by 10 inactivating virus that was attached but had not yet achieved cell entry by using low-pH 11 buffer. Although Vero cells were almost equally infected with both MV-mH and 12 MV-mF/mH (Fig. 8) , MV-mF/mH penetrated more quickly into Vero cells than MV-mH 13 (Fig. 9) . We next examined the penetration rate of recombinant MV strains in B95a 14 cells.
MV-mF penetrated more quickly into B95a cells than MV-wild, and 15 MV-mF/mH penetrated more quickly into B95a cells than MV-mH (Fig. 9) . These 16 results indicate that the F(D439E/G464W) protein enhances penetration rate and that the 17
F(D439E/G464W) protein compensates for the inefficient penetration of MV-mH in 18
Vero as well as B95a cells. 
